Glycoconjugates, glycans, carbohydrates, and sugars: these terms encompass a class of biomolecules that are diverse in both form and function ranging from free oligosaccharides, glycoproteins and proteoglycans, to glycolipids that make up a complex glycan-code that impacts normal physiology and disease. Recent data suggests that one mechanism by which glycoconjugates impact physiology is through the regulation of the process of autophagy. Autophagy is a degradative pathway necessary for differentiation, organism development, and the maintenance of cell and tissue homeostasis. In this review, we will highlight what is known about the regulation of autophagy by glycoconjugates focusing on signaling mechanisms from the extracellular surface and the regulatory roles of intracellular glycans. Glycan signaling from the extracellular matrix converges on "master" regulators of autophagy including AMPK and mTORC1, thus impacting their localization, activity and/or expression. Within the intracellular milieu, gangliosides are constituents of the autophagosome membrane, a subset of proteins composing the autophagic machinery are regulated by glycosylation, and oligosaccharide exposure in the cytosol triggers an autophagic response. The examples discussed provide some mechanistic insights into glycan regulation of autophagy and reveals areas for future investigation.
Autophagy, a Central Pathway in Biology
Macroautophagy, herein referred to as autophagy is a key pathway in physiology and pathology governing diverse processes including development, innate immunity, cellular stress responses, and cell death [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Autophagy is a catabolic process necessary for the constitutive turnover of long-lived and damaged macromolecules as well as organelles. The process involves the capture and sequestration of bulk cytoplasm in double-membrane structures termed autophagosomes. The autophagosomes ultimately fuse with the lysosome to form autophagolysosomes (also known as autolysosomes). Lysosomal fusion makes the autophagosome cargo accessible to degradative enzymes leading to the generation of metabolites for cellular recycling [12, 13] .
In addition to basal autophagic flux, autophagy is upregulated in response to diverse stimuli including low nutritional state, oxidative stress and microbial insult [1, 2, 8, [14] [15] [16] . These divergent signaling pathways converge on a set of core machinery, the autophagy related genes (Atg, yeast; ATG, human). Extensive genetic screening and proteomic analyses have identified the 38 ATG proteins controlling different steps along the autophagy pathway ( [4, [17] [18] [19] ; Table 1 ). These proteins cooperate as molecular machines that have distinct roles in induction, vesicle nucleation, autophagosome expansion and maturation, and fusion ( [20] [21] [22] ; Figure 1 ).
The Atg1 complex in yeast regulates autophagy induction [21] . This complex functions as a central hub that receives activating or inhibitory signals; activation of the Atg1 complex is considered the first committed step in autophagy. In mammals, this complex contains the Atg1 homolog ULK1 (Unc-51-like kinase 1). The PI3K-AKT-mTORC1 and LKB1-AMPK pathways represent two of the many signaling platforms that control ULK1 activity [21, 22] . Nucleation of the isolation membrane (phagophore) is controlled by the class III phosphatidylinositol 3 kinase complex, Beclin 1-VPS34 (Vacuolar protein sorting-associated protein 34), which can be inhibited by 3-MA (3-methyladenine, Figure 1 ; [21, 22] ). The concentrated levels of PI3P (phosphatidylinositol-3-phosphate) recruit effectors to the PAS (phagophore assembly site) that are needed to generate the autophagosomal membrane [23, 24] . During expansion, two ubiquitin-like conjugation systems cooperate to promote the covalent attachment of PE (phosphatidylethanolamine) to LC3 (microtubule-associated protein 1 light chain 3 β), referred to as the conversion of LC3-I to LC3-II ( Figure 1 ). Lipidated LC3 associates with the phagophore membrane contributing to its expansion and maturation [21, 22] . LC3-II also contributes to cargo selection by the autophagosome which is achieved via autophagy receptors such as p62/sequestosome-1 [15, 25] . Complete autophagosomes are directed to lysosomes by the cytoskeleton [26, 27] and fusion is directed by the combined actions of Rab7a (Ras-related protein Rab-7a) GTPase, SNARE phagophore/autophagosome expansion [24] , localizes to the TGN (Trans Golgi Network) and late endosomes and is N-glycosylated at asparagine 99 (N99) [14] . Autophagy activation mobilizes ATG9 via Golgi fission, resulting in trafficking of ATG9 containing vesicles to the PAS for membrane lipid delivery [52] . Perhaps the lectin cytochemistry conducted by Yamamoto et al. (1990; [42] ) detected the transient association of ATG9 vesicles with the growing phagophore/autophagosomes. While knockout and knockdown experiments reveal the necessity of ATG9 for phagophore/autophagosome biogenesis [14] , the role of ATG9 Nglycosylation has yet to be determined. Given the established role of N-glycosylation in protein folding/trafficking [53] , one can postulate that ATG9 N-glycosylation functions in establishing the ATG9 reservoirs in the Golgi and late endosomes. The rapid redistribution of ATG9 vesicles upon autophagy induction likely reflects changes in the reservoir sorting/ retention signal. Characterizing the N-glycan from Golgi retained ATG9 and the cytoplasmic ATG9 bearing vesicles will be useful in determining whether glycan editing is involved in the relocating ATG9 from the Golgi to the PAS.
CopII vesicle proteins have long been implicated in autophagosome biogenesis [54] . Most recently, the Schekman lab have utilized an in vitro cell free LC3 lipidation assay to demonstrate that the ERGIC is a competent membrane source to generate LC3 lipidated vesicles under normal and starvation conditions [47, 55] . Members of the Sec protein family that coat CopII vesicles localize to the ERGIC membrane fraction [56, 57] . Previous investigations revealed that CopII proteins are modified by O-GlcNAc (O-linked β-Nacetylglucosamine), including Sec24p [58, 59] . In particular, the deglycosylation of Sec24p is associated with a block in ER-to-Golgi traffic. As the ERGIC is a membrane source for phagophore/autophagosome biogenesis, O-GlcNAcylation of Sec24p and other CopII proteins may promote autophagy via the maintenance of membrane flux between the ER and Golgi. Given that O-GlcNAc cycles on and off Sec24p, the O-GlcNAc levels of CopII proteins may respond to pro-autophagic stimuli to fine tune ERGIC membrane flux. However, mapping the O-GlcNAc sites and mutational studies would lend validity to OGlcNAc's role in mediating membrane availability for autophagosome formation.
Gangliosides (a sub-type of glycolipid) are important structural players in autophagosome biogenesis. These data are not surprising given that gangliosides function in organizing biological membranes, including the generation of curvature in membrane microenvironments [60] . In assessing the role of lipid rafts in autophagic flux, Matarrese et al. (2014; [61] ) demonstrated that the ganglioside GD3 colocalizes with LC3 in response to classic autophagic stimuli. GD3 also colocalizes with PI3P, which recruits ATG18 and other components of the core machinery [61] during the nucleation stage. Inhibiting sphingolipid biosynthesis with FB1 (fumonisin B1), or knocking down ST8SIA1 (ST8 α-N-acetylneuraminide α-2, 8-sialyltransferase), to suppress GD3 synthesis reduced autophagosome levels [61] . FB1 autophagy inhibition was reversed with the addition of exogenous GD3 to the media, confirming the relevance of ganglioside synthesis in autophagosome membrane dynamics [61] . These data, in combination with other studies demonstrating enhanced autophagic flux associated with the administration of exogenous ganglioside mixture (GM1, GD1a, GD1b, GT1b) [62, 63] , merit further investigation into the mechanisms involved in ganglioside regulation of autophagic flux.
Lectin -Ligand Interactions Transmit Pro-Autophagic Stimuli
Many studies in the field of glycobiology indicate that diverse facets of biology are driven by glycan codes. One method employed in translating these glycan-codes is through the interaction of glycans and motif specific carbohydrate binding proteins or lectins. A prime example of lectin signaling is seen in N-linked glycan biosynthesis. Glycoprotein quality control in the ER utilizes the lectin binding-cycles of calnexin and calreticulin to oligosaccharides to sample the folding of newly synthesized proteins [64] . Subsequently, transit from the ER to the Golgi is controlled by LMAN1/ERGIC-53, which recognizes the high mannose oligosaccharide Man 8 GlcNAc 2 for cargo selection [53, 65] . Several studies provide strong evidence of the pro-autophagic potential of extracellular and intracellular lectins. The binding of specific cell surface receptors by exogenous lectins triggers autophagy that can manifest as antiproliferative activity. Additionally, transmembrane lectin receptors and intracellular lectins function in pattern recognition of damage signals derived from invading pathogens or organelle rupture. In these instances, lectins are implicated in the cytoprotective roles of autophagy.
Plant Lectins as Inducers of Autophagy
Several studies highlight the therapeutic potential of plant lectins in treating cancer and microbial infections [66] . The administration of lectins, including mistletoe lectin, ricin, and Con A, triggers cell death in different cancers by activating apoptotic and/or autophagic signaling. Con A binds high mannose oligosaccharides on cell surface receptors triggering clathrin-mediated endocytosis [67] [68] [69] . Several studies demonstrate that Con A accumulates in the mitochondria. This mitochondrial localization is associated with membrane depolarization, a known pro-autophagic stimulus [8, 15, 16] . Consistent with these observations, Con A treatment of HeLa cells results in increased expression of Beclin 1 and LC3-II, as well as autophagosome accumulation [70] . These changes in the expression of autophagy markers are correlated with increased cell death, suggesting that Con A-induced autophagy leads to cell death. In support of this model, the authors demonstrate that the autophagy inhibitor 3-MA reduces cell death induced by Con A. The mechanism of activation involves a reduction of PI3K/AKT/mTOR signaling, a pathway known to suppress autophagy [70] [71] . Con A treatment also enhanced pro-autophagic signaling through the MEK/ERK pathway [72] . In an alternative cancer model, U87 glioblastoma cells, Con A treatment reduces cell viability and also induces autophagy albeit by an alternative mechanism [72, 73] . Here, ConA induced expression of BNIP3 (BCL2/adenovirus E1B 19kDa interacting protein 3), a mitochondrial BH3 only protein, and the autophagy related proteins ATG3, ATG12, and ATG16L1 [74] . While BNIP3 overexpression is known to induce autophagy, the precise mechanism is a matter of some debate [75] . Some reports indicate that BNIP3 promotes mitochondrial membrane permeability/depolarization to initiate autophagy, while others indicate that BNIP3 autophagy occurs independently of mitochondrial membrane permeabilization [76] .
pathways in these cancer cell types. A375 cells exposed to PCL accumulate ROS (reactive oxygen species), while reducing glutathione concentrations [77] . Similar to HeLa cells exposed to Con A, Beclin 1 expression was enhanced with PCL treatment. In accordance with other reports, the oxidative burst was associated with activation of p38 MAPK (p38 mitogen activated protein) kinase, a stress responsive kinase, and p53 [77] . Applying the p38 MAPK inhibitor SB 203580, or the p53 inhibitor pifithrin α, reduced PCL mediated autophagy and Beclin 1 expression. Although it was not assessed in PCL-induced autophagy, there is evidence that p38 MAPK signaling mediates Beclin 1 phosphorylation, a necessary step in starvation-induced autophagy [77] . In murine fibrosarcoma cells PCL activates autophagy by suppressing signaling from the Ras-Raf and PI3K-AKT pathways [78] .
Galectins, Xenophagy, and Autophagy
The Galectins are a family of β-galactoside binding lectins that have intracellular roles in addition to their extracellular functions [79] . In comparison to the extracellular environment there is less glycan diversity in the cytoplasm where the major form of glycosylation is the O-GlcNAc modification ( Figure 2 ). As such, the accumulation of complex oligosaccharides in the cytoplasm makes for an efficient danger or damage signal. The exposed glycans on damaged organelles are bound by galectins 3, 8 or 9 in the cytosol [80] [81] [82] . These cytosolic galectins also accumulate on pathogen-loaded vesicles [80, 82] . The downstream effects of galectin-damage detection include the targeting of organelles and microbes for autophagic degradation [25, 80] . Galectin-8 expression was shown to limit Salmonella typhimurium growth in HeLa cells [80] . The autophagy cargo receptor NDP52 (Nuclear dot protein 52) binds ubiquitin-coated S. typhimurium and recruits LC3 to target the bacteria for autophagy [25, 80] . Thurston et al. (2012; [80] ) demonstrated that galectin-8 binds NDP52 via immunoprecipitation and confocal microscopy. Downregulating galectin-8 expression greatly reduced the number of NDP52 positive and LC3 positive S. typhimurium compared to control experiments [80] . Based on these data it seems that galectin-8 functions upstream in antimicrobial autophagy (xenophagy), recruiting NDP52 and LC3 to target the microbes to autophagosomes. The literature indicates that another ubiquitin binding protein, autophagy receptor, p62/sequestosome-1, is needed for efficient autophagy of S. typhimurium [83, 84] . The fact that p62/sequestosome-1 and NDP52 localize to discrete microdomains around S. typhimurium suggests that a signal independent of galectin-8 controls p62/sequestosome-1 localization.
Galectin-3 has been reported to regulate the turnover of damaged endosomes by autophagy. Calcium phosphate precipitates (CPP), used in mammalian transfections, causes transient autophagy activation that is though to result from damage to endosomes [85] . Using MβCD (methyl-β-cyclodextrin) and dynasore to inhibit clathrin mediated endocytosis, Chen and coworkers (2014; [85] ) showed that CPP-induced autophagy relies on the endocytic pathway. These data agree with previous studies that describe the dependence of CPP transfection on endocytosis [86] . As complex glycans typically face the lumen of organelles (lysosomes, ER, Golgi), cytosolic galectins can only access glycans from damaged/lysed organelles. The authors used mCherry-galectin-3 to demonstrate that CPP endocytosis lysed endosomal vesicles. The generation of galectin-3 coated vesicles was suppressed with MβCD. Galectin-3 also colocalized with LC3 and p62/sequestosome-1 at vesicles loaded with CPP-DNA complexes [85] . These data suggests that galectin-3 recruits p62/sequestosome-1 and LC3 in a similar fashion to galectin-8 recruitment of NDP52 and LC3 to bacteria. In support of this concept, galectin-3 RNAi suppressed the formation of p62/sequestosome-1 and LC3 positive puncta induced by CPP [85] .
Recent studies highlight the role of galectin-3 in the selective encapsulation of damaged lysosomes by autophagosomes [81] . Using LLOMe (Leu-Leu methyl ester hydrobromide) and silicon dioxide treatments to induce lysosomal membrane damage in cell culture, Maejima et al. (2013; [87] ) clearly show specific detection of lysosomal membrane permeabilization by galectin-3 and the selective enclosure of compromised lysosomes in autophagosomes. In addition to the localization of LC3 at damaged lysosomes, the authors demonstrate that ULK1, WIPI1 (WD repeat domain phosphoinositide-interacting protein), ATG5 and p62/sequestosome-1 are also associated with lysosomes in response to damage induction [87] . Live cell imaging using fluorescent fusion proteins demonstrated that galectin-3 lysosomal association precedes ATG5 recruitment to damaged lysosomes. These data indicate that autophagy is induced by lysosomal damage and implies that galectin-3 transduces the damage signal. The damaged lysosomes appeared to be eliminated in an autophagy-dependent fashion as galectin-3 puncta decreased over time after LLOMe washout in control cells, but, were retained in cells expressing an inactive ATG4B mutant and ATG7−/− MEFs [81] .
Dectin and LC3 Associated Phagocytosis
Transmembrane mammalian lectins are involved in promoting autophagy in response to immune challenges [88, 89] . In contrast to using conventional xenophagy to sequester pathogens within autophagosomes for lysosomal degradation, immune cells have been shown to recruit components of the autophagic pathway for an unusual form of phagocytosis that does not involve the formation of autophagosomes. This "LC3-associated phagocytosis" (LAP) produces a fungicidal effect by two methods: Firstly, LAP contributes to the maturation of the phagocytic vacuole and subsequent elimination of ingested pathogens; Secondly, LAP is implicated in antigen presentation. This unconventional phagocytosis begins with the detection of pathogens by pattern recognition receptors, including the C-type lectins, which transmit signals mediating pathogen ingestion and eventual pathogen killing.
The C-type lectins represent one of the largest classes of mammalian lectins. Many of the receptors on immune cells contain C-type lectins that distinguish endogenous glycans from foreign or xenoglycans [89] . The sugar binding specificity of C-type lectin carbohydrate recognition domains is diverse; some family members bind high mannose oligosaccharides [90] , whereas others prefer galactose containing glycans [90] or sialylated glycans [90] . The C-type lectin receptors also employ diverse strategies in transmitting signals to the cytoplasm. The cytoplasmic domain found on C-type lectin receptors include the ITAM (immunoreceptor tyrosine-based activation motif) and ITAM-like domains [88] . The ITAMs are subject to tyrosine phosphorylation, which facilitates the recruitment of SH2 (Src homology type 2 domain) containing effectors [88] . SH3 (Src homology type 3 domains) and endocytosis motifs (YXXϕ) [88] are some of the other domains that have been characterized on C-type lectin receptors.
Dectin 1 is a C-type lectin receptor found on macrophages, dendritic cells, and neutrophils that activates LAP in response to fungal challenge [91] [92] [93] [94] [95] . The Dectin 1 carbohydrate recognition domain binds to fungal β-glucan, essentially a glucose polymer found in the cell walls of pathogenic bacteria and fungi [92] . Recognition of this PAMP (pathogen associated molecular pattern) initiates phagocytosis as well as respiratory burst and inflammation for the purpose of eliminating the pathogen [91, 92, 94] . The offending pathogen is internalized in a single-membraned phagocytic vacuole or phagosome (distinct from an autophagosome), which undergoes a series of phenotypic changes to gain the necessary degradative potential. The phagosome maturation sequence involves acidification, accumulation of ROS, and sequential fusion with intracellular compartments ultimately fusing with the lysosome. Though phagocytosis and autophagy are distinct processes, several components of the autophagy pathway are commandeered in the course Dectin 1-mediated LAP without inducing autophagic flux [93, [95] [96] [97] [98] .
LC3 is considered the canonical marker for autophagosomes. Ma et al. (2012; [93] ) provide concrete evidence of rapid LC3 lipidation (≤ 10 minutes) and recruitment to phagocytic vacuoles when macrophages and dendritic cells are challenged with live or heat inactivated yeast and β-glucan particles. Beclin 1 and p62/sequestosome-1 were also localized at phagocytic vacuoles during Dectin 1-induced phagocytosis [95] . Clearly the ubiquitin-like reactions needed to produce LC3-II must be functional in LAP, as suppressing ATG5 expression blocked the ability of Dectin 1 to recruit LC3 to the phagocytic vacuole [93, 99] . We can assume that lipidation of LC3 allows it to associate with the membrane of the phagocytic vacuole. Beclin 1 recruitment may be involved in delivering VPS34 to the phagosome as significant levels of PI3P accumulates on the membrane following phagosome sealing [100] . PI3P enrichment at the phagosome was found to be critical for fusing with the lysosome as suppression of VPS34 activity arrested phagosomes in an immature state [100] .
As autophagosome biogenesis is not observed during Dectin 1 mediated-LAP the signaling mechanism probably bypasses assembling the PAS. Interestingly LAP activation by other pattern recognition receptors occurs independently of the ULK1 complex [101, 102] . Perhaps the lack of ULK1 signaling precludes the formation of a functional PAS, resulting in the absence of autophagosome biogenesis. Taken together, the data suggests that a unique signaling paradigm must be at play in order to activate and recruit elements of the autophagic machinery without generating autophagosomes. The initial steps of LAP activation involve phosphorylation of the Dectin 1 ITAM-like (hemITAM) domain by Src kinases which recruits and activates Syk (Spleen tyrosine Kinase) [93] . In turn, Syk activates NADPH oxidase generating ROS in the phagosome [92] . ROS production is required to recruit LC3 to the phagosome, in addition to pathogen killing [93] . It is unclear how phagosomal ROS leads to the generation of LC3-II and association at the phagosome.
MAPK, TAK1 (Transforming growth factor-beta-activated kinase 1) and NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells), are known regulators of autophagy [88] . Further work is also needed to determine how the autophagic components translocate to the phagocytic vacuole, as well as the interactions maintaining phagosomal interaction.
Dectin 1 phagocytosis is also involved in antigen presentation in dendritic cells and protein secretion in macrophages [93, 98] . Supporting this model, when BDMC cells are challenged with ovalbumin overexpressing Saccharomyces cerevisiae they successfully present antigen to OTII T-cells, resulting in the activation of the T-cells [103] . Because major MHC complexes (major histocompatibility complexes) are loaded with antigenic peptides at the phagosome, the authors investigated the role of LC3 in MHC-II antigen presentation. LC3 deficient dendritic (BDMC) cells proved to be very inefficient in recruiting MHC-II to phagosomes [93] .
Intracellular Glycosylation: a Transduction Mechanism in Autophagy Signaling Pathways
The O-GlcNAc modification is well positioned to regulate the process of autophagy, modifying some 3000 cellular proteins and being implicated in regulating cellular processes such as transcription, translation, protein degradation and signal transduction [104] . The regulation of these pathways has been shown to be responsive to signals that also induce autophagy, such as nutritional deprivation [104] [105] [106] [107] , cell cycle and development [108, 109] , and cellular stress [59, [110] [111] [112] . As proposed earlier, O-GlcNAc signaling could regulate autophagy via modification of CopII coat proteins. Though this model is yet to be demonstrated, several studies have provided evidence of autophagy regulation by O-GlcNAc signaling [113] [114] [115] [116] [117] . An early example of this was reported in a Caenorhabditis elegans model of neurodegenerative disease [117] . Null alleles (ogt-1; less O-GlcNAc) of the C. elegans OGT (O-GlcNAc transferase), the enzyme which adds the O-GlcNAc moiety to serine and threonine residues, alleviated neuronal death in the tauopathy model of frontotemporal dementia with parkinsonism chromosome 17 (FTDP-17). Whereas, the null allele for OGA (O-GlcNAcase, oga-1; elevated O-GlcNAc), did not worsen the thrashing defect. Expression of tau V337M, the causative lesion in FTDP-17, was suppressed in the ogt-1 and oga-1 null animals compared to control animals. These data demonstrate that OGlcNAc cycling modulates either protein synthesis or turnover [117] . Analysis of autophagy in the ogt-1 and oga-1 mutants revealed higher total expression of the C. elegans LC3 ortholog, lgg-1, under basal conditions and increased expression of the lipidated form with nutrient deprivation compared to wild type controls [117] . OGT knockdown in Drosophilla melanogaster was also linked to enhanced stress-induced autophagy [116] . Wang et al.
(2012) reported enhanced Daf-16f transcript levels, a FoxO (forkhead Box O) transcription factor, in the ogt-1 null animals and suppression of Daf-16a expression in the oga-1 null animals [117] . Interestingly, the FoxO transcription factors have been previously shown to promote autophagy [118, 119] . This differential regulation of Daf-16 isoforms (Daf-16f versus Daf-16a) in the ogt-1 and oga-1 null animals suggests that O-GlcNAc signaling regulates autophagy through multiple mechanisms. Supporting direct regulation of key steps in the autophagic pathway by O-GlcNAc, a subset of the autophagy core machinery and other regulatory proteins are O-GlcNAc-modified [106, 113, 115, 116, 120, 121] . The core protein Beclin 1 is reported to be O-GlcNAc modified [115] , as well as autophagy modulators such as the α and γ subunits of the AMPK heterotrimer [121] , Bcl-2 [115] , the forkhead family of transcription factors FoxO1/3/4 [118, 119, 122, 123] , and SNAP29 (synaptosomal-associated protein 29) [113] . O-GlcNAcylation increases the catalytic and transcriptional activity of AMPK and FoxO1 respectively [106, 121] , both of which are positive regulators of autophagy. However, O-GlcNAcylation of the FoxO transcription factors and AMPK subunits were not made in the context of autophagy regulation, as such there is a wealth of knowledge to be gained in determining whether the O-GlcNAcylation of these targets mediate pro-autophagic or anti-autophagic responses.
Akin to other forms of intracellular vesicle trafficking, autophagy utilizes Rab GTPases and the SNARE proteins to mediate autophagosome -lysosome fusion to produce the autolysosome [30] [31] [32] [33] [34] 124] . SNAP29 is an integral component of this fusion machinery [30, 124] . Guo et al. (2014; [113] ) demonstrated that SNAP29 is O-GlcNAc modified at 4 residues: S2; S61, T130 and S153. Mutation of all four residues to alanine enhanced the association of SNAP29 with its cognate SNARE complex partners, syntaxin 17 (stx17) and VAMP8 (vesicle-associated membrane protein 8), promoting autophagic flux [113] . The OGlcNAcylation status of SNAP29 proved to be differentially regulated based on the nutritional state, as glucose starvation downregulated SNAP29 O-GlcNAc levels [113] . The authors also observed increased autophagosome formation in the C. elegans ogt-1 mutant and also in OGT knockdown in mammalian cells, suggesting that autophagosome formation/ nucleation was also affected in addition to the fusion steps. Given that LC3 accumulates in both the C. elegans oga-1 and ogt-1 strains [117] further investigation will be needed to determine if the autophagy initiation complex is directly subject to O-GlcNAc cycling/ regulation or whether OGT and OGA deletion or knockdown elicits activating upstream signals that converge on the pathway. Both the mammalian OGT and OGA are essential genes, the depletion of which is result in cell death [125] [126] [127] [128] . OGT in particular has been implicated in maintaining the integrity of the mitochondrial membrane potential [129] , the disruption of which can activate autophagy [15, 76, 130] .
Autophagy Regulation by the Extracellular Matrix (ECM): "Outside-In"

Signaling by Glycoconjugates
Cell -ECM interactions have long been known to drive cellular behavior as demonstrated in development, wound healing and regenerative medicine, and cancer metastasis and angiogenesis [131] . Current reports highlight the role that cell-matrix interactions play in regulating autophagy [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] . The regulatory signals emanating from the extracellular space originate from diverse binding interactions including receptor engagement by soluble ligands, as well as classic cell-matrix adhesion signaling. On an interesting note, many of the soluble glycoprotein ligands activate autophagy. In contrast, glycoconjugates of the basement membrane, which attach cells the ECM, appear to suppress autophagy. In many of the cases discussed below the role of the glycan component has not been defined. However, deletion of the glycans is likely to suppress the expression of the protein scaffold, either due to changes in protein folding or trafficking, altering the regulation of autophagy.
Soluble Glycoproteins and Proteoglycan -Pro-autophagic ligands
Many of the secreted glycoproteins are not primarily employed in maintaining the structural integrity of tissues, but, instead regulate cellular functions including tissue remodeling via receptor-mediated signal transduction [148, 149] . The abundance of these ligands is dynamically regulated in response to different biochemical cues [150, 151] . Only recently has the pro-autophagic capacity of these ligands been recognized. Included in the list of secreted ligands are decorin, Tsp1 (thrombospondin-1) and lacritin. Decorin and Tsp1 are highly expressed during development, presumably because of their role in regulating and remodeling the fibrillar network, but, are also induced in response to tissue injury [152, 153] . Both glycoproteins elicit anticancer activity, which involves the upregulation of autophagy [135, 143] . Less is known regarding the regulation of lacritin expression. However, a lacritin deficiency is associated with several models of corneal disease. Cytoprotection in these models can be achieved by the administration of exogenous lacritin that results in the upregulation of autophagy. In addition to these soluble ligands, bioactive fragments of basement membrane glycoproteins have been implicated implicated in triggering autophagy [138, 140] . Endostatin and endorepellin are endogenous ligands derived from the proteolytic cleavage of collagen XVIII and perlecan, respectively [154] [155] [156] . Endostatin and endorepellin are released into response to diverse forms of cell stress or injury [157, 158] . Similar to decorin and Tsp1, these bioactive fragments have been shown to inhibit endothelial cell proliferation and migration in addition to upregulating autophagy [139, 159] . In experimental cancer models, Endostatin and endorepellin also proved proficient at inhibiting tumor angiogenesis and growth indicating their potential therapeutic value [160] .
It is perhaps not surprising that many glycoprotein ligands are pro-autophagic as autophagy is generally implicated in development and tissue homeostasis/remodeling that are targets of these ligands. Autophagy induction by these glycoproteins is achieved via different signal mechanisms including transcriptional activation of ATG proteins [132, 140] , functional activation or inhibition of master regulatory proteins AMPK and mTOR [133] or promotion of unique protein-protein interactions between transcription factors and ATG proteins in the cytosol [123] . More detailed descriptions of the signaling elicited by specific glycoprotein ligands are provided in the following paragraphs.
Decorin
Decorin, the founding member of the class of small leucine rich proteoglycans (SLRP; Figure 2 ), is modified by chondroitin and dermatan sulfate as well as N-linked oligosaccharides that regulate secretion [161] . Decorin may induce autophagy across all cell types as endothelial cells and breast carcinoma cells [133, 135] exhibit enhanced autophagy with the administration of exogenous decorin. Moreover, decorin null mice exhibited an impaired autophagic response to nutrient deprivation in cardiac tissue [134] . [134] . More significantly, the "classic" autophagic stimuli (nutrient deprivation and serum starvation) and the mTOR inhibitor, Torin 1, induce decorin mRNA and protein levels [134] in tissue and plasma which could potentially lead to rapid autophagy induction across multiple tissues.
In endothelial cells, decorin triggers autophagy upon binding and activation of the tyrosine receptor kinase VEGFR2 (vascular endothelial growth factor receptor-2). VEGFR2 activation induces expression of Peg 3 (paternally expressed gene 3) [132, 133, 135] , a Krueppel C2H2 transcription factor [162] , that increases Beclin 1 and LC3 mRNA levels. Peg3 also induces formation of the Beclin 1-VPS34 nucleation complex and binds this complex in the cytosol. The cytoplasmic sequestration of Peg3 by the Beclin 1-VPS34 complex may be a feedback mechanism finetuning Peg3 transcriptional activity. This cryptic interaction may also represent a novel function of Peg3. For example, Peg3 association may hasten the recruitment of necessary effectors to the nucleation complex or enhance the lipid kinase activity of VPS34. Decorin also activates AMPK, lending credence to its proautophagic role [133] . The protein core, as well as the proteoglycan form, of decorin produces the autophagic response in endothelial cells under basal conditions indicating that the GAG (glycosaminoglycans) -chains are not essential for VEGFR2 binding. However, it is not known whether the GAG-chains tune the binding affinity or half-life of decorin.
In triple negative breast cancer cells, decorin engages the Met (hepatocyte growth factor) receptor and activates mitophagy by enhancing expression of the mitochondrial protein mitostatin [135] . RNA interference (RNAi) experiments clearly show that decorin-inducedmitophagy is mitostatin-dependent [135] . Mitostatin exhibits tumor suppressor functionality across diverse cancer cell types [163, 164] and overexpression induces mitochondrial fragmentation and perinuclear aggregation [164] . These phenomena, key steps in mitophagy activation, were observed upon decorin treatment [135] . Decorin/Met signaling promotes the binding of mitostatin mRNA by PGC-1α (peroxisome proliferator-activated receptor γ coactivator-1α). This interaction stabilizes the mRNA transcripts allowing for the enhanced mitostatin protein levels. Further work will be needed to uncover how PGC-1α selectively binds mitostatin mRNA and delineate how mitostatin causes mitochondrial depolarization and alters the balance of mitochondrial fission and fusion events.
Lacritin
The glycoprotein lacritin is a prosecretory mitogen that performs cytoprotective roles in ocular homeostasis [136, 165, 166] . Lacritin is one of the cognate ligands of the transmembrane proteoglycan syndecan-1, an established signaling coreceptor involved in modulating cell and tissue behavior [167] . The lacritin-syndecan-1 interaction is mediated through GAG-binding (heparan sulfate and chondroitin sulfate), but, also through contacts with the hydrophobic surface of the protein core of syndecan-1 [168, 169] . This hybrid binding surface is formed when heparanase partially deglycosylates the N-terminus of syndecan-1 to expose a hydrophobic surface [168, 169] . Wang et al. (2013; [123] ) were able to demonstrate that complementary hydrophobic residues at the lacritin C-terminus are needed for functional binding in addition to the trimmed GAGs.
(acetylated FoxO1) with ATG7 and the interaction of ac-FoxO3 (acetylated FoxO3) with ATG101 [123] . ATG101 functions in stabilizing the ULK1 initiation complex by protecting ATG13 from degradation [170] . This is a crucial interaction, as ATG13 recruits downstream effectors needed for autophagosome formation [170] . The molecular function(s) of the ATG101 -ac-FoxO3 interaction on autophagy are currently undefined. However, several attractive models exist: the ac-FoxO3 -ATG101 interaction may increase the binding affinity/kinetics between ATG101 and ATG13 or may form a high affinity-binding surface with ATG13 to enhance recruitment of ATG9 vesicles and LC3 for autophagosome formation. Alternatively ac-FoxO3 may interact with ULK1, the autophagy initiating kinase, to potentiate its kinase activity. The ac-FoxO1-ATG7 interaction was also observed during autophagy induction under serum starvation in human cancer cells [119] , suggesting that this interaction may be a common step in autophagy activation. ATG7 functions as an E1-like activating enzyme for the ubiquitin-like reactions employed in autophagosome expansion [6, 17] . However, the effects of ac-FoxO1 association on ATG7 activity have yet to been determined.
Thrombospondin-1
The anti-angiogenic glycoprotein Tsp1 (thrombospondin-1) induces autophagosome accumulation in cancer cell lines expressing mutant H-Ras [143] . While Tsp1 can bind several receptors [148] , a decapeptide derived from the CD47 binding region of Tsp1 selectively reduced tumor outgrowth in mice and increased cell death in B6ras cells. However, this phenotype was not observed in the non-tumorigenic MDFB6 cell line [143] . The induction of cell death by Tsp1 did not exhibit an apoptotic profile, but, significantly increased the number of autophagosomes [143] . Downstream effectors of the Tsp1/CD47 axis include BNIP3, a known autophagy inducer [171] . While the mechanisms underlying autophagy activation in B6ras cells are undefined, in immortalized Jurkat T lymphocytes and T cells derived from mice and human donors, BNIP3 expression and mitochondrial localization is induced by CD47 activation [171] . While the use of Tsp1 peptides suggests that glycosylation is dispensable for autophagy activation, Tsp1 glycosylation would be needed for the extracellular transit of the full-length glycoprotein [53, 172, 173] and there is evidence that receptor GAGs mediate Tsp1 binding in T cells [174] . Given the diverse interactome of Tsp1 [175] and the reported CD47-independent activities of the Tsp1 (4NIK) peptide [176] , knockdown experiments targeting Tsp1 binding partners should be utilized in validating the how exogenous Tsp1 regulates autophagy.
In contrast to the work in cancer models, the depletion of either CD47 or Tsp1 leads to increased autophagic flux which is associated with protection against radiation in endothelial cells, Jurkat T-cells and mice [177, 178] . Suppressing CD47 signaling greatly increased gene expression of Beclin 1, ATG5 and ATG7 in response to ionizing radiation compared to wild type [177] . Basal LC3-II levels were also enhanced in CD47 deficient cells [177] . These results, in addition to the reduced p62/sequestosome-1 expression, indicate that suppressing Tsp1/CD47 signaling enhances autophagic flux under basal and radiation stress conditions. 
Endorepellin
As previously mentioned, endorepellin is an endogenously processed C-terminal fragment of perlecan [155, 157] . This region of perlecan contains three LG (laminin-like globular) repeats and is proteolytically cleaved by Cathepsin L to liberate endorepellin [155] . Endorepellin can be further processed by the BMP-1/Tolloid family of metalloproteases to a bioacive 26kDa fragment [157] . Endorepellin possesses both angiostatic [157, 179] and proautophagic functionality [140] . Similar to decorin, endorepellin -induced autophagy involves binding VEGFR2 [140] . This interaction occurs between LG1 and LG2 of endorepellin and the immunoglobulin-like repeats Ig3-5 of the VEGFR2 ectodomain [179] . Though endorepellin is glycosylated, the roles that the glycans play in binding VEGFR2 are unknown. In endothelial cells, endorepellin treatment induces Peg3 expression a necessary event to upregulate Beclin 1 and LC3 mRNA and protein expression. All three proteins, along with VPS34, were found to colocalize at the autophagosomes [140] . The crucial trigger to initiate autophagy may be to the suppression of mTOR signaling on endorepellin treatment as described in an earlier study [159] .
Endostatin
Akin to perlecan, endogenous proteolytic processing of collagen XVIII, a basement membrane heparan sulfate proteoglycan, generates the C-terminal fragment endostatin that has anti-angiogenic capacity [154, 167] . In endothelial cells (EAhy926), endostatin treatment induces the accumulation of autophagosomes in 6 hours, however prolonged exposure (24 hours) enhanced autophagosome accumulation and induced ~90% cell death [138] . Similar to cancer cells treated with Tsp1, endostatin-induced cell death is due primarily to the autophagy pathway [138] . Experiments in HUVEC (human umbilical vein endothelial cells) uncovered several mechanistic details of endostatin-induced autophagy. Endostatin binds the α5β1 integrin heterotrimer (fibronectin receptor), increasing Beclin 1 expression while suppressing expression of Bcl-2, Bcl-xL and β-catenin. Two possible mechanisms underlie these observations: Firstly, the dissociation of Beclin 1 and Bcl-2 promotes autophagy, which suggests that altering the Beclin 1:Bcl-2 ratio is sufficient for endostatin to switch on autophagy [180, 181] . Secondly, endostatin treatment relieves repression of the autophagy pathway by down regulating Wnt/β-catenin, a known negative regulator [182] .
Kringle 5
An endogenous inhibitor of angiogenesis, Kringle 5 (K5), is generated by cleavage of the plasma glycoprotein plasminogen [141] . In HUVEC cells, recombinant K5 induces both apoptosis and autophagy. K5 treatment increased Beclin 1 expression within 8 hours and increased autophagosome accumulation could be clearly seen at 4 and 8 hours with a plateau at 24 hours. The activation profiles for caspases 7 and 3 revealed enhanced activation at later time points (≥8 hours), indicating that K5-induced autophagy precedes apoptosis activation. Although K5 treatment for 24 hours caused mitochondrial depolarization, a common trigger for both pathways [15, 16, 75, 76, 130] , autophagy is not required for K5-induced apoptosis as Beclin 1 RNAi suppressed K5-induced autophagy while increasing caspase activation [141] . These data suggest that K5-induced autophagy is pro-survival. This autophagic response appears to be specific for endothelial cells, as ovarian cancer cells and human foreskin fibroblasts did not exhibit autophagy induction with K5 treatment for 24 hours [141] .
Basement membrane glycoproteins -Adhesive signaling maintains baseline autophagy
Adhesion to the extracellular matrix provides biochemical cues needed for tissue homeostasis, cell proliferation and development. Several studies indicate that loss of ECM adhesion results in the manifestation of metabolic and oxidative stress [183] [184] [185] which can culminate in an apoptotic response referred to as anoikis [186] . As series of investigations using mammary epithelial cells cultured under adherent or suspension conditions demonstrate significant induction of autophagic flux in matrix detached cells as a prosurvival program [184, 185, 187] . These studies have provided a comprehensive analysis of the intracellular signaling mediating detachment-induced autophagy: ROS induction activates protein kinase R like endoplasmic reticulum kinase (PERK) which then activates AMPK. AMPK inhibits mTORC1 leading to an induction in autophagy [184, 185] . More recent studies have assessed individual basement membrane glycoproteins involved in adhesion regulation of autophagy.
Perlecan
Perlecan is expressed across a broad range of tissues and is a functional component of the basement membrane [188] . Perlecan plays critical roles in tissue development and homeostasis, as well as angiogenesis [149, 188, 189] . Ning et al. (2015; [137] ) investigated the role that perlecan plays in regulating autophagy in skeletal muscle. Perlecan depletion is lethal, and this can be overcome by re-expression of transgenic perlecan in cartilage [137] . Perlecan deficiency was correlated with increased tenotomy-induced soleus atrophy and autophagosome accumulation compared to control animals [137] . These data suggested that perlecan suppresses autophagy. The perlecan deficient mice exhibited greater catabolic potential under basal conditions than control animals; p62/sequestosome-1 levels were significantly reduced in perlecan deficient animals [137] . Consistent with a pro-autophagic paradigm, LC3-II levels and AMPK signaling were enhanced (pro-autophagic) whereas inhibitory mTORC1 signaling was suppressed [137] .
The receptor or signaling platform responsible for transmitting perlecan's anti-autophagy signal is yet to be identified. However, pervious studies have identified functional interactions that mediate perlecan's bioactivity. The protein core of perlecan contains conserved motifs that bind ligands including progranulin and hedgehog, but, also interacts directly with receptors (VEGFR1/2, α2β1 integrin, α-dystroglycan) [188] [189] [190] . Perlecan also bind cytokines and growth factors, including FGF10 (fibroblast growth factor 10) and IL2 (interleukin 2) [188] [189] [190] , through its HS (heparan sulfate) chains. These binding interactions can have coreceptor function to enhance receptor-ligand interactions [149, 188, 189] . Perlecan's HS chains can also act as a ligand storage sink controlling sequestration and release of ligands such as PDGF (platelet derived growth factor) [191] . As such, Perlecan's HS specified bioactivities can be suppressed by the action of heparanase that degrades HS [189] . On an interesting note, exogenous heparanase and heparanase overexpression increase autophagy by downregulating signaling from the negative regulator mTORC1 [192] . While the colocalization of intracellular heparanase, autophagosome and lysosomes correlates with enhanced autophagy, one cannot rule out the possibility that the degradation of extracellular HS chains and other HSPG (heparan sulfate proteoglycans) could liberate ligands for autophagy activation.
Laminin α2
A component of the heterotrimeric basement membrane protein laminin 211, laminin α2, is required for proper muscle development and functionality [193, 194] . Muscle integrity is mediated through laminin binding of cell surface receptors including integrins and dystroglycan [193, 194] . The C-terminus of laminin α2 is primarily responsible for these binding interactions. Congenital muscular dystrophy type 1A (MDC1A) is caused by mutations in laminin α2 resulting in complete or partial deficiency [194] . The muscle wasting observed in MDC1A is associated with increased degradation by the proteasome and autophagy pathways [142, 194] . The mRNA and protein levels of several autophagy related proteins were upregulated in laminin α2 deficient mice including LC3, Beclin 1 and VPS34 [142] . LC3 expression was also upregulated in muscle biopsies of patients with MDC1A. Using 3-MA, the authors suppressed autophagy and returned gene expression of autophagy related proteins to wild type levels in laminin α2-deficient muscle. In addition, 3-MA reduced fibrosis in quadricep muscle and muscle wet weight while muscle fiber diameter returned to wild type levels [142] . These results clearly indicate that constitutively enhanced autophagy is deleterious. Laminin α2 is reported to be a glycoprotein, though the function(s) of these glycans and their impact on autophagy are currently undefined.
Intracellular Hyaluronan triggers Autophagy
HA (Hyaluronan) is unique among the glycosaminoglycans as it not typically covalently linked to a protein core and is unsulfated [195, 196] . The repeating unit, a disaccharide of GluA (glucuronic acid) and GlcNAc, can generate linear chains of varying molecular weights [197] . The heterogeneity of HA matrices are due to the complex interplay of HAS (hyaluronan synthase) enzymes that generate the polymer and hyaluronidases that catabolize HA. Hyaluronan metabolism is also dictated by the nucleotide-sugar reservoir [198, 199] . High and low molecular-weight HA mediate disparate physiological effects via differential receptor binding that activates diverse signaling pathways [200] .
Unlike the Golgi-dependent reactions typically utilized in glycosaminoglycan biosynthesis, HA synthesis is carried out at the plasma membrane by the HAS enzymes [201, 202] .
Although the plasma membrane is the final destination for this family of transmembrane proteins, several studies have established the existence of intracellular pools of these enzymes that are thought to facilitate rapid localization to the plasma membrane [201, 202] . Normally HAS enzyme isoforms are inactive until inserted into the plasma membrane [201, 203] . However, animal models of diabetic nephropathy and quiescent mesangial cells stimulated to grow in high glucose (25.5mM) media exhibit formation of intracellular HA chains, enhanced extracellular HA content, and marked immunohistochemical staining for LC3 [144, 147] . This intracellular HA most likely reflects activation of the organellar HAS enzyme reservoirs culminating in ER stress and autophagy induction. Activation of the intracellular HAS enzymes may be a result of increased lipogenic flux in the ER, which was observed in the glomeruli of diabetic rats and mesangial cells grown in hyperglycemic conditions [147] . Supporting these data, treatment of rat mesangial cells grown in hyperglycemic conditions with heparin suppressed lipid accumulation, LC3 expression and the formation of autophagosomes [147] . Another mechanism which may result in activation of intracellular HAS enzymes, is signaling though cyclin D3 and C/EBPα (CCAAT/ enhancer-binding protein α). The expression of cyclin D3 and C/EBPα, and subsequent formation of the cyclin D3-CDK4-C/EBPα complex, is induced by high glucose treatment (24h) [144] . This complex colocalizes with intracellular LC3 and HA, suggesting that HAS enzymes may be directly phosphorylated and activated by CDK4 (cyclin-dependent kinase 4) [144] . Indeed, RNAi suppression of cyclin D3 under hyperglycemia reduced total hyaluronan content and also reduced C/EBPα expression [144] . C/EBPα also upregulates lipogenesis which may also trigger HAS activation as discussed above [204] .
The overexpression of the intracellular Hyaluronan Binding Proteins or hyaldherins in fibroblast and cancer cell lines have vastly different effects on the autophagy pathway. Overexpressed HABP1 (Hyaluronan Binding Protein-1) was previously shown to accumulate in mitochondria raising the ROS levels [205] . Saha et al (2013; [145] ) confirmed that Beclin 1 and LC3 and expression were upregulated in fibroblasts constitutively overexpressing HABP1 (F-HABP07 cells) suggesting the induction of autophagy. Use of the inhibitor bafilomycin confirmed that HABP1 overexpression enhanced autophagic flux. In agreement with other studies, excess ROS reduced the levels of HA [145] . The addition of exogenous HA reversed autophagosome accumulation and ROS levels in F-HABP07 cells. This may be due to the reported antioxidant property of HA [145] . In contrast to these studies, HABP1 expression in the human liver cancer line HepG2 enhances HA levels and expression of the HA receptor CD44, but, suppresses expression of the autophagy marker LC3 under basal conditions and nutrient deprivation [146] . Inhibition of HA synthesis with 4-MU (4-methylumbelliferone) increased ROS levels as well as increased Beclin 1 expression and basal autophagy [146] . A potential caveat of 4-MU use is that it depletes the cellular pool of UDP-GluA (UDP-Glucuronic acid) in addition to suppressing HAS2 and HAS3 gene expression [198] . Depletion of the nucleotide sugar pool could cause ER stress that would trigger autophagy.
Autophagy Regulates Glycoconjugate Turnover
The release of unconjugated glycan moieties in the cytosol occurs as a result of the hydrolysis of lipid-linked oligosaccharides, the donors for N-glycan biosynthesis and a subset of O-glycan biosynthesis [206] [207] [208] . This pool of free sugars can be augmented during the unfolded protein response in which glycoproteins that fail to fold properly are retrotranslocated from the ER and are targeted to the proteasome for degradation [208] . A cytoplasmic peptide:N-glycanase removes the N-linked glycans on the unfolded proteins [208] . Recent studies indicate that autophagy is involved in the elimination of these free glycans. Suppressing ATG5 and ATG9a expression in MEFs (mouse embryonic fibroblasts) impairs basal and stressed-induced autophagy [2, 209] , resulting in the accumulation of cytoplasmic sialyloligosaccharides over time [41] . In wild type MEFs 51% of the free sialyloligosaccharides are found in the lysosomal fraction and 45% in the cytosolic fraction. In contrast, when autophagy is suppressed by deletion of ATG5, only 25% of free sialyloligosaccarides are targeted to the lysosomal fraction. Using an ATG5 "tet-off " system [210] the authors promoted sialyloligosaccharide build-up. Releasing ATG5 suppression (basal autophagy) did not significantly reduce free sialyloligosaccharides, however 6 hours of starvation induced autophagy drastically reduced the levels of cytosolic sialyloligosaccharides and high-mannose type glycans [41] . These data demonstrate that free oligosaccharides accumulated in the "fed" state and that basal and induced autophagy participate in eliminating free oligosaccharides.
Concluding Remarks
Glycoconjugates play key roles in regulating many facets of biology, including development and differentiation, immunity, inflammation, and angiogenesis. Dysregulation of the regulatory pathways that control glycoconjugate biosynthesis or deconvolute glycan codes underly an array of diseases. Newly added to the large catalog of biological activities controlled by glycoconjugates is autophagy, a gatekeeper of cell survival. As detailed in the preceding sections a diverse assortment of glyconjugates exert a stimulatory or inhibitory effect on autophagy in a broad range of physiologically relvant models. However, the examples we have referenced are only a small portion of the full repertoire of mammalian glyconjugates. To define a more complete map of the role of glycans in the regulation of autophagy and their impact on physiology numerous studies are required. While these studies run the gamut of glycobiology, there are several critical approaches that are summarized below.
Many of the steps of autophagy include proteins which can be O-GlcNAc-modified, and several studies have implicated O-GlcNAc in regulating both the induction of autophagy and key steps in the autophagic process. These data lead to some obvious questions: First, which other autophagy proteins are modified by O-GlcNAc; Second, how do signals which induce autophagy impact O-GlcNAcylation of these proteins; Third, how does O-GlcNAc regulate these proteins and the processes they are involved in. Critical to understanding the role of OGlcNAc in autophagy are site-mapping studies enabling researchers to mutate key residues and to develop site-specific antibodies which will facilitate the application of this information to other physiological models in which autophagy is involved. Such studies should be extended to N-and O-linked glycoproteins. As complete disruption of glycoconjugates biosynthetic pathways are likely to impact protein folding and thus protein expression, the identification of the glycan structures and the sites of modification are critical. Studying these glycoconjugates in cells, such as the Lec mutant CHO cells [211] , in which the latter steps in glycoconjuagtes biosynthesis have been disrupted may provide critical information about the roles of protein-glycan interactions in the regulation of autophagy as well as identifying the key structures that are critical to autophagy. A similar approach would deconvolute the role that the glycosaminoglycan components of proteoglycans play in the regulation of autophagy. Perhaps the most intruging role of glyconjugates in autophagy is their role as PAMPs. Identifying the PAMP receptors will be challenging. One tool that should facilitate the identification of these receptors are UV crosslinkable sugars [212, 213] . Here unnatural sugars modified by diazirines are salvaged into the nucleotide sugar biosynthetic pathway and are ultimately added to proteins. The diazirine can be cross-linked to nearby proteins, enabling the identification of protein complexes and glycan receptors. Such a technique will also be invaluable to identifying the role of ER/Golgi derived proteins in the induction of autophagy and the generation of the autophagosome membranes. Undoubtedly, these and other studies focused on glycans will provide insight into the regulation of autophagy and the impact that glycan-mediated autophagy has on physiological processes and disease pathogenesis, as well as providing novel targets for therapeutic intervention. 
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Vacuolar protein sorting-associated protein 34
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